enhanced expression of detoxifying enzymes including gultathione-S-transferase, [15] [16] [17] [18] or increased anticancer drug efflux. [19] [20] [21] The acquisition of the MDR phenotype against anticancer drugs in patients after chemotherapy has also been reported in acute myeloid leukemia, acute lymphoblastic leukemia, non-Hodgkin's lymphoma, and breast, gastrointestinal, gynecological, and genitourinary tumors. 2, 3) Clinically, MDR must be multifactorial, but is often discussed in reference to the expression of the anticancer drug efflux protein MDR1 (P-glycoprotein) encoded by the MDR1 gene, and its related proteins including multidrug resistance-associated protein 1 (MRP1), multidrug resistance-associated protein 2 (MRP2), and breast cancer resistance protein (BCRP). These efflux proteins actively expel structurally and functionally unrelated anticancer drugs from cells, decreasing their intracellular accumulation to noncytotoxic levels. 7, [20] [21] [22] [23] During the past decade, due to a correlation between MDR1 expression in patient tumor specimens and poor chemotherapy treatment prognosis, 2, 3) the clinical relevance of MDR1 rather than other related ATP-binding cassette (ABC) transporters has attracted a great deal of interest.
In the past few years, a number of novel anticancer drugs have been developed, including the inhibitor of topoisomerase II amrubicin hydrochloride (AMR), the inhibitor of microtubule depolymerization vinorelbine ditartrate (NVB), promoters of microtubule polymerization paclitaxel (TXL) and docetaxel (TXT), the antimetabolite gemcitabine hydrochloride (GEM), and the inhibitor of topoisomerase I irinotecan (CPT-11). The efficacies of novel combination chemotherapy regimens including these agents as key drugs have been examined in clinical trials.
In this study, three derivative cell lines were successively established from the human cervical carcinoma cell line HeLa-Ohio (HeLa) via stepwise exposure to vinblastine sulfate (VLB), and named Hvr1-1, Hvr10-6, and Hvr100-6 cells. The characteristics of Hvr1-1, Hvr10-6, and Hvr100-6 cells were first investigated using flow cytometric analysis, reverse transcription-polymerase chain reaction (RT-PCR), and growth inhibition assay. Using these cells, the cytotoxic effects of 27 anticancer drugs including AMR, NVB, TXL, TXT, GEM, and CPT-11 were examined. The effects of cyclosporin A (CyA), a typical substrate of MDR1, 24, 25) on the cytotoxicity of these anticancer drugs were also assessed, and mechanisms underlying the alterations in cytotoxicity were examined by uptake experiments using [ 3 H]VLB. Cells and Cell Culture The human cervical carcinoma cell line HeLa was obtained from Dainippon Pharmaceutical Co., Ltd. (Osaka, Japan). Hvr1-1, Hvr10-6, and Hvr100-6 cells were newly established by stepwise exposure of HeLa cells to VLB. HeLa (396-401 passages), Hvr1-1 (34-38 passages), Hvr10-6 (107-113 passages), and Hvr100-6 (82-87 passages) cells were maintained in culture medium consisting of Dulbecco's modified Eagle's medium (D-MEM, cat. no. 12800-017, Invitrogen, Corp., Carlsbad, CA, U.S.A.) supplemented with 10% fetal bovine serum (FBS, lot no. AGM7413, HyClone, Utah, U.S.A.) and kanamycin sulfate 100 mg/l (Invitrogen). In the case of Hvr1-1, Hvr10-6, and Hvr100-6 cells, VLB was also added to the culture medium at final concentrations of 1, 10, and 100 nM, respectively. HeLa, Hvr1-1, Hvr10-6, and Hvr100-6 cells (4-12ϫ10 4 cells/cm 2 ) were seeded into culture flasks (Nunclon flasks, Nalge Nunc International, U.S.A.), grown in a humidified atmosphere of 5% CO 2 -95% air at 37°C, and were subcultured every 3 or 4 d with 0.02% EDTA and 0.05% trypsin (Invitrogen).
MATERIAL AND METHODS

Chemicals
Assay for Cell Growth Activity The growth of Hvr1-1, Hvr10-6, and Hvr100-6 cells as well as HeLa cells was evaluated based on their growth curves. HeLa, Hvr1-1, Hvr10-6, and Hvr100-6 cells (1000 cells/well) were seeded on 96-well plates (Nalge Nunc International) on day 0 in 100 ml of culture medium without VLB, and the cell number was counted every day from day 0 to day 6. Cell number was evaluated by the WST-1 (tetrazolium salts) colorimetric assay using a Cell Counting Kit (Dojindo Laboratories, Kumamoto, Japan), based on the MTT assay. [26] [27] [28] According to the manufacturer's instructions, the culture medium was exchanged with 110 ml of medium containing WST-1 reagent solution (WST-1 10 mlϩ100 ml of culture medium), and 3 h later the absorbance was determined at 450 nm with a reference wavelength of 630 nm using a microplate reader (Sjeia Auto Reader II; Sanko Junyaku Co. Ltd., Tokyo, Japan). Preliminary experiments demonstrated a good proportional relationship between the absorbance and the cell number (ranging from 500 to 32000 cells/well) in each cell line, with acceptable precision and accuracy and very small day-to-day or within-day variations. The doubling time of each cell line was calculated by the following eq. 1.
doubling timeϭ(tϪt 0 )ϫlog 2/(log NϪlog N 0 ) (1) where t and t 0 represent the time of cell counting, and N and N 0 represent the cell numbers at t and t 0 , respectively. The expression of MDR1, MRP1, MRP2, and BCRP mRNA in HeLa and Hvr100-6 cells was measured by the RT-PCR method. 30, 31) Total RNA was isolated using the RNeasy ® mini kit (Qiagen Inc., CA, U.S.A.), and aliquots (0.3 mg) of RNA were used for reverse transcription and cDNA-PCR, using an RNA PCR kit (AMV) ver. 2.1 (Takara Shuzo Co., Ltd., Shiga, Japan). The PCR primer sequences of MDR1, MRP1, MRP2, BCRP, and b2-microglobulin (b2m) used as an internal control were as follows: MDR1 sense primer 5Ј-CCC ATC ATT GCA ATA GCA GG-3Ј and antisense primer 5Ј-GTT CAA ACT TCT GCT CCT GA-3Ј corresponding to 167-bp; MRP1 sense primer 5Ј-ATC AAG ACC GCT GTC ATT GG-3Ј and antisense primer 5Ј-GAG CAA GGA TGA CTT GCA GG-3Ј corresponding to 181-bp; MRP2 sense primer 5Ј-CTG CCT CTT CAG AAT CTT AG-3Ј and antisense primer 5Ј-CCC AAG TTG CAG GCT GGC C-3Ј corresponding to 241-bp; BCRP sense primer 5Ј-TGC CCA GGA CTC AAT GCA ACA G-3Ј and antisense primer 5Ј-ACA ATT TCA GGT AGG CAA TTG TG-3Ј corresponding to 172-bp; b2m sense primer 5Ј-ACC CCC ACT GAA AAA GAT GA-3Ј and antisense primer 5Ј-ATC TTC AAA CCT CCA TGA TG-3Ј corresponding to 120-bp. PCR amplification was initiated by one cycle at 94°C for 2 min followed by 30 sequential cycles of denaturation at 94°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for 1 min in a thermal cycler (iCycler Thermal Cycler, Bio-Rad Laboratories, Inc., CA, U.S.A.). PCR products were separated on Tris-acetate-EDTA 3% agarose gels containing ethidium bromide 100 ng/ml. Densitometric analysis was performed on a Macintosh computer using the NIH Image program ver. 1.62 (National Institutes of Health, Bethesda, MD, U.S.A.).
Growth Inhibition Assay The cytotoxicity of anticancer drugs in the cells was also evaluated using the WST-1 colorimetric assay. Each cell line (1000 cells/well) was seeded on 96-well plates (Nalge Nunc International) in 100 ml of culture medium without anticancer drugs on day 0, and 24 h later the culture medium was exchanged with that containing the test anticancer drug at various concentrations (on day 1). The anticancer drugs were added using ethanol, dimethyl sulfoxide, or double-distilled water. The maximum concentration of organic solvents or double-distilled water was 1%, which had no effect on cell viability or growth. After incubation for 3 d at 37°C, the WST-1 colorimetric assay was performed as described above (on day 4).
The 50% growth inhibitory concentration (IC 50 ) of the anticancer drugs in HeLa, Hvr1-1, Hvr10-6, and Hvr100-6 cells was calculated according to the sigmoid inhibitory effect model as shown in equation (2) 
where E and E max represent the surviving fraction (% of control) and its maximum, respectively, and C and g represent the drug concentration in the medium (pM, nM, or mM) and the sigmoidicity factor, respectively. The relative resistance to anticancer drugs of Hvr1-1, Hvr10-6, and Hvr100-6 cells compared with HeLa cells was defined as the ratio of their IC 50 values. Each series of experiments was conducted in quadruplicate, and values are presented here as meansϮS.D. after rounding off to three significant figures. Assay for MDR Reversal by CyA To confirm the contribution of MDR1 to MDR phenotypes of Hvr100-6 cells, the effects of CyA, a representative substrate for MDR1, 24, 25) on the cytotoxicity of anticancer drugs were evaluated using the WST-1 assay. Cells were seeded on day 0, and the culture medium was exchanged with that containing CyA (1 or 5 mM) together with each test anticancer drug on day 1, followed by the same procedures as described above. The maximum concentration of CyA that had no effect on cell viability or growth was 5 mM.
[ 3 H]VLB Uptake Assay The cells (2ϫ10 5 cells/well) were seeded on 24-well plates (Nalge Nunc International) in the culture medium without VLB, and cultured for 2 d in a humidified atmosphere of 5% CO 2 -95% air at 37°C. The cells were then washed twice with warmed complete Hank's balanced salt solution (HBSS, cat. no. H-6136, Sigma Chemical), and the uptake experiments were immediately started by the addition of HBSS including [ 3 H]VLB (1 mM, 37 kBq) with or without CyA (1 or 5 mM) to each well, followed by incubation at 37°C. The experiment was stopped by aspiration of HBSS from each well 2 h later. The cells were then quickly washed three times with ice-cold PBS on ice, and subsequently lysed in 0.3 N NaOH 1 ml. Radioactivity of the lysed cells was counted in 3 ml of ACS II (Amersham International) by liquid scintillation counting (LS6000TA, Beckman Instruments, Inc., CA, U.S.A.). The radioactivity in the washing solution was also determined in each experiment, and was usually around the background level.
Protein Assay Protein content was determined using a Bio-Rad Protein Assay kit (Bio-Rad Laboratories, CA, U.S.A.). Bovine g-globulin was used as the standard.
Statistical Analysis Multiple comparisons were performed by one-way analysis of variance (ANOVA) followed by the Scheffé F-test. p values of less than 0.05 (two-tailed) were considered significant. , Hvr1-1, Hvr10-6 , and Hvr100-6 Cells Growth activity was evaluated in Hvr1-1, Hvr10-6, and Hvr100-6 cells as well as HeLa cells. In each growth curve, the lag phase of cell growth was within 1 d after cell seeding, and then the logarithmic phase continued for at least 6 d (Fig. 1) . The growth activity of Hvr1-1, Hvr10-6, and Hvr100-6 cells was comparable or slightly decreased as compared with that of HeLa cells, with cell doubling times of 23, 28, 31, and 23 h, respectively ( Table 1) .
RESULTS
Growth Curves of HeLa
Expression of MDR1, MRP1, MRP2, and BCRP in HeLa, Hvr1-1, Hvr10-6, and Hvr100-6 Cells FACS analysis was performed using MRK-16 and JSB-1 antibodies for MDR1 and MRPm6 antibody for MRP1 in HeLa, Hvr1-1, Hvr10-6, and Hvr100-6 cells (Fig. 2) . Stepwise exposure of HeLa cells to VLB induced only MDR1 with no induction of MRP1. No shift in signal was seen with JSB-1 antibody. FACS analysis of Hvr1-1 and Hvr10-6 cells indicated that this induction occurred in succession in the order Hvr1-1, Hvr10-6, and Hvr100-6 cells (data not shown). RT-PCR analysis also indicated that the expression of MDR1 mRNA in Hvr100-6 cells markedly higher than that in HeLa cells, and that of MRP2 was slightly higher than that in HeLa cells. The expression levels of MRP1 and BCRP mRNA in Hvr100-6 cells were comparable to those in HeLa cells (data not shown).
Cytotoxicity of Anticancer Drugs in HeLa, Hvr1-1, Hvr10-6, and Hvr100-6 Cells The cytotoxic effects of VLB and 5-FU, the representative substrate and nonsubstrate for MDR1, respectively, on HeLa, Hvr1-1, Hvr10-6, and Hvr100-6 cells were evaluated using the WST-1 assay (Fig. 3 and Table 1 ). The growth inhibitory curves of Hvr1-1, Hvr10-6, and Hvr100-6 cells by VLB shifted in that order to the higher ranges of concentration with no alterations in the slopes of the curves over the concentration range examined. Moreover, the growth inhibitory curves of HeLa, Hvr1-1, Hvr10-6, and Hvr100-6 cells by 5-FU were comparable, but Hvr100-6 cells showed very slight resistance (ca. 4-fold).
The cytotoxic effects of 27 anticancer drugs on Hvr100-6 cells were compared with those on HeLa cells (Tables 2, 3 ). Hvr100-6 cells showed 2-to 200-fold higher resistance to anthracyclines than HeLa cells, and unexpectedly showed slight resistance (4-fold) to IDR and almost no resistance to AMR. Hvr100-6 cells were 300-to 600000-fold more resistant to vinca-alkaloids than HeLa cells, and Hvr100-6 cells showed the highest relative resistance to NVB. Hvr100-6 cells also showed 4000-and 60000-fold higher resistance to the taxanes TXL and TXT, respectively, than HeLa cells. Hvr100-6 cells were 45000-, 12-, and 9-fold more resistant to ACT-D, VP-16, and MMC, respectively, than HeLa cells. Unexpectedly, these cells showed 8-fold higher resistance to 6-MP as compared with HeLa cells. In contrast, Hvr100-6 cells showed no or slight resistance to platinum derivatives, pyrimidine analogues and alkylating agents as well as to CPT-11 and its active form SN-38, and TAM.
The g values in Hvr100-6 cells were similar to those in HeLa cells against all anticancer drugs, with the exception of DXR and DNR, for which the g values were decreased, and 6-MP and ACT-D, for which the g values increased.
Effects of CyA on Cytotoxicity of Anticancer Drugs in HeLa and Hvr100-6 Cells The effects of CyA, a typical substrate of MDR1, on the cytotoxic effects of anticancer drugs on Hvr100-6 cells were also evaluated (Tables 4, 5 ). The cytotoxicities of anthracyclines, vinca-alkaloids, taxanes, ACT-D, and VP-16, to which Hvr100-6 cells showed higher resistance, were extensively reversed by CyA, suggesting that the higher resistance of Hvr100-6 cells was mediated by MDR1. CyA had no effect on the cytotoxic effects of 6-MP or MMC, suggesting that the resistance to these drugs in Hvr100-6 cells was not mediated by MDR1.
Uptake of [
3 H]VLB in HeLa and Hvr100-6 Cells The uptake of [ 3 H]VLB over a period of 2 h was determined in Hvr100-6 as well as HeLa cells (Fig. 4) . The uptake of cacy of chemotherapy. 22, 23) These clinical observations necessitate separate evaluation of the contributions of MDR1 and its related proteins including MRP1, MRP2, and BCRP to MDR. Therefore we attempted to establish MDR1-induced tumor cell lines in which only MDR1 expression was up-regulated; Hvr1-1, Hvr10-6, and Hvr100-6 cells were established by stepwise exposure of HeLa cells to VLB. FACS and RT-PCR analysis demonstrated that MDR1 was successively induced without any induction of its related proteins including MRP1, MRP2, and BCRP.
In comparison with HeLa cells, Hvr100-6 cells showed resistance to anthracyclines, vinca-alkaloids, and taxanes, with relative resistance values of 2-to 200-, 300-to 600000-, and 4000-to 60000-fold, respectively. The resistance of Hvr100-6 cells to these drugs was reversed by CyA in a concentration-dependent manner. The cytotoxic effects of the anthracyclines IDR and AMR in Hvr100-6 cells were unexpectedly comparable to those in HeLa cells. Hvr100-6 cells showed a higher level of resistance to NVB than the other vinca-alkaloids, VLB, VCR, and VDS. IDR and AMR lack only the methoxy moiety of the anthraquinone ring as compared with DXR, DNR, and THP. NVB has only a slightly different chemical structure from VLB, VCR, and VDS. Moreover, the rank order of ClogP (the calculated logarithmic value of n-octanol/water partition coefficient, calculated using the computer program "CLOGP3" in "MedChem Softwave Release 3.54 Programs 1989," Chemical Information System Inc., U.S.A.) in anthracyclines was as follows: AMR (ClogPϭϪ0.78), DXR (Ϫ0.50), DNR (0.026), IDR (0.090), THP (0.94), and ACR (2.59), and those in vinca-alkaloids were in the order of VDS (3.42), VCR (4.04), VLB (5.23), and NVB (5.73), indicating no significant correlation between ClogP, i.e., hydrophobicity and relative resistance. Despite a large number of investigations of MDR1, qualitative structure-activity relationship analysis has not identified the specific feature(s) of the chemical structure important for transport activity. However, empirical data have suggested that the hydrophobicity, planar structure, and/or amphipathicicity (or slight cationic character) may be important. 32, 33) These results strongly suggest the necessity to determine experimentally whether anticancer drugs are substrates of MDR1. Hvr100-6 cells also showed a high level of resistance to ACT-D and VP-16, which was reversed by CyA. Unexpectedly, Hvr100-6 cells showed resistance to 6-MP (8-fold higher than HeLa cells), which was not affected by CyA. Exposure to VLB might result in a lack of the salvage pathway enzyme hypoxanthine-guanine phosphoribosyltransferase, which is known to be involved in the mechanism of resistance to 6-MP. 34) The relative level of resistance of Hvr100-6 cells to MMC, which was reported to be a substrate of MDR1, 35) was 9-fold compared with that of HeLa cells, and this was also almost unaffected by CyA. The present results suggest that the resistance of Hvr100-6 cells to 6-MP and MMC was not related to MDR1.
Interestingly, the g values in Hvr100-6 cells were similar to those in HeLa cells for all anticancer drugs, except for DXR, DNR, 6-MP, and ACT-D. The g values of DXR and DNR were decreased in Hvr100-6 cells, suggesting a decrease in the response to these drugs. It was reported that 36, 37) In contrast, the g values of 6-MP and ACT-D increased in Hvr100-6 cells, suggesting increases in the response to 6-MP or ACT-D, but the reasons for these observations remain unclear. Thus the alteration in g values suggested that MDR1 may be linked with some cellular signaling event or cell death pathway. The uptake of [ 3 H]VLB in Hvr100-6 cells was about 3-fold lower than that in HeLa cells, and this was increased by CyA in a concentration-dependent manner to a level comparable to that in HeLa cells (Fig. 4) . These observations regarding VLB uptake in Hvr100-6 cells can explain qualitatively, but not quantitatively, the alterations in its cytotoxicity. The difference in magnitude could be attributable to a nonspecific accumulation of lipophilic VLB into the plasma membrane of the cells.
The effects of CyA on cytotoxicity suggested that the efficacy of chemotherapy could be improved by coadministration with other drugs that are substrates of MDR1. 38, 39) Standard regimens of combination chemotherapy have been used clinically; e.g., TXL plus CDDP for ovarian cancer, TXT plus DXR or CPA for breast cancer, CDDP plus NVB or TXL or GEM or CPT-11 for non-small cell lung cancer, and 5-FU plus leucovorin for colorectal cancer. In regimens consisting of combinations of two or more substrates of MDR1, synergistic potentiation might be achieved via an MDR1-dependent mechanism, although there is as yet no direct evidence to support this suggestion.
In conclusion, the 27 anticancer drugs examined here could be classified as substrates or nonsubstrates of MDR1 using HeLa and drug-resistant derivative cell lines. These drug-resistant derivatives of HeLa cells were newly established by stepwise exposure to VLB and successively overexpressed only MDR1, with no alterations in the expression of MRP1, MRP2, and BCRP, and therefore provided useful information for the development of effective chemotherapeutic regimens.
